Skin fibroblasts derived from 6 patients with cystic fibrosis (CF), 1-6 months old, and from 6 age matched donors were investigated for their ability to accumulate cyclic adenosine 3':s'-monophosphate (c-AMP) in response to isoproterenol and prostaglandin E (PGE1) using strictly defined culture conditions. In order to ob&ain, as far as possible,constant protein content and cell number, cultures were synchronized in the early G phase of the cell cycle by growing them in serum free medium bhfore adding stimulating drugs. There were no statistically significant differences both in basal c-AMP or after incubation with theophylline alone. When cultures were thoroughly washed prior to stimulation, c-AMP accumulation in response to isoproterenol was consistently higher (p<0.001) in CF than in normal fibroblasts, whereas response to PGE did not differ significantly. This difference in response can!iot be attributed to differences in doseor time-response curves, or to differential escape of CAMP into the culture medium. Returning the conditioned media (CM) to the cultures after the washing procedure, or omitting the washing procedure altogether, normalized the CAMP response of CF cells. These data indicate that CF fibroblasts "delete" or "add to" the conditioned medium a substance when washed out of the cultures leave the cells hypersensitized to 0-adrenergic stimulation.
The enhanced cAMP response to isoproterenol stimulation of CFcells is most likely related to the washing off of a soluble substance which is secreted or deleted into the culture medium in excess of normals. This "factor" could exert its effect in the manner of an antagonist regulating catecholamine responsiveness as a part of a negative feed back loop. Water, electrolyte and macromolecular secretions of exocrine cells are controlled by the action of neurotransmitters of the autonomic nervous system (ANs) (11) . Since in CF the disturbance of the exocrine secretions is one of the main symptoms, ANS regulated functions have repeatedly been investigated. Clinical observations in CF patients have demonstrated abnormal pupillary reactions (28) and a clearing of the abnormal turbidity of the saliva after guanethidine treatment, which is an antiadrenergic agent (9) . Furthermore a paradoxical discordance between the pulmonary response of the CF-patients to isoproterenol and the response to oral theophylline has been shown (30). In rats, chronically treated with isoproterenol or reserpine, morphological and secretory changes of the salivary glands were reported that strongly resembled the ones observed in CF (31, 21, 22, 23) . All these observations lend support to the concept that the primary defect in CF could be linked to a derangement of the ANS in the patients. Adrenergic neurotransmitters stimulate their target cells through specific binding to* and 0-receptor sites on the surface of the cells. As a consequence of the binding to O-receptors, cAMP is formed from ATP by the activation of the enzyme adenylate cyclase present in the plasma membranes of the cells. The synthesis of cAMP secondarily induces a chain of biochemical events of the cell to the external stimulus (e.g.) the secretion of amylase in the salivary glands (7) or the sodium and the bicarbonate transport in the exocrine pancreas (8) . The presence of 0-receptors and adenylate cyclase has been demonstrated in many eucariotic cells, including cultured human diploid Fibroblasts. Therefore it seems likely that a genetic disturbance of this mechanism would also be expressed in cultured fibroblasts. On the cellular level in vitro the measurement of CAMP formation after 0-adrenergic ~t-~ht be as relevant as the measurement of the final cellular response induced by the CAMP in vivo. Hitherto, studies on cAMP responses to isoproterenol stimulation with cultured fibroblasts from CF patients have yielded contradictory results (5, 6, 10) . It is difficult, however, to compare the results of the different studies since many factors can modify the cyclic nucleotide synthesis in cultured cells. Culture conditions such as passage number (14) , cell density ( 1 6 ) , time after subculture (20) , serum concentration (19) and stage of the cell cycle (25) have been shown to influence signiEicantly the response of the cAMP system. We therefore reinvestigated CAMP response to 0-adrenergic stimuli in cultured fibroblasts from CFpatients and from normal controls using strictly defined culture conditions and examined the contribution of the conditioned culture medium to this system.
MATERIAL AND METHODS

MEDIA. OHMICAIS AND HORMONES
Dulbecco's modification of Eagle's medium (D-MM), Eagle's minimal essential medium (MM) and trypsin were obtained from Gibco. Penicillin was a product of Novo. All experiments employed serum of the same lot (seromed batch C-808595), 1-isoproterenol hydrochloride, 1-epinephrine bitartrate, 1-norepinephrine, dl-proprano101 hydrochloride, theophylline and Dowex-resins were purchased from Sigma. PGE was a generous gift of Dr. J.E. Pike (Upjohn Co.) Isoproterenol sdlutions containing ascorbic acid as antioxidant were prepared inmediately before use and kept in the dark. PGE was prepared at 10-3 M stock in abselute ethanol. At concentral tions equivalent to that added with PGEl ethanol did not affect CAMP content.
CELL CULWRE
Skin biopsies from CF children (aged between 1/12 and 6/12 yr) were obtained from unrelated patients who had clinically confirmed CF with positive sweat tests. Control fibroblast strains were derived from age matched donors without personal or family history of CF a able 1). Stock cultures were maintained for up to two weeks in 250 ml plastic culture flasks (~alcon) containing 12 ml growth medium consisting of Eagle's MEN supplemented with penicillin (100 units/ml), 1 X (v/v) non-essential amino acids and 10 % (v/v) fetal calf serum. The nutrient medium was renewed every 3 to 4 days and the cells were maintained at 37O C in a humidified 95 % air -5 % CO atmosphere.
EXPERIMENTAL INCUBATION PROCEDURE
Confluent monolayers of cells from stock cultures, matched for passage numbers, were harvested by incubation with 0.25 % trypsin, and samples of each cell-line were counted on a Coulter-Counter equipped with a 100 pm aperture, using electronic parameters that gave values identical to hemocytometer values. Fibroblasts from different strains were diluted to similar concentrations, plated on 60 nm dishes in 4 ml Eagje's M M c ntaining 10 % fetal 9 calf serum at a density of 15 x 10 cells/cm and grown for 24 hr. Thereafter growth was arrested by a cell synchronization procedure based on serum deprivation (27) : Cultures were shifted from regular growth medium to serum-free D-MEN supplemented with 0,252 bovine serum albumin (BSA) but without antibiotics and maintained in this medium for 4 days. Except where noted, the fibroblasts were carefully washed three times with 4 ml serum-free D -M m before addition of drugs and then incubated in a fresh 4 ml volume of th&s same medium together with appropriate drugs for 10 minutes at 37 C. Basal cAMP concentrations were analysed in cultures run in parallel.
ASSAY OF CYCLIC AMP
Incubations were terminated by the rapid removal of the medium, by rinsing with ice-cold PBS solution and addition of 2 ml of icecold ethanol-0.2N HC1. Cells were collected by scraping the cultures with a rubber-policeman and the acid extract was stored overnight at -20.~. After centrifugation at 1 000 g for 10 min to remove cellular debris, the supernatant fluids were dried in vacuo and assayed for cAMP in duplicate by the protein-binding method of Tovey et al. (32). Protein was determined by the method of Lowry et al. (18) using bovine serum albumin as standard. In selected experiments CAMP in samples of incubation media was analyzed using a purification procedure as described by Kelly (16) . Specificity of the assay was supported by disappearance of the binding activity in the extracts after phosphodiesterase digestion.
STATISTICAL ANALYSIS OF DATA
Because of the large variation in stimulated cAMP values, which was much larger between different experiments than within a single experiment, experiments were planned and performed with pairs of matched CF and normal cell-lines within the same experiment. The data were expressed as the absolute values and the differences between the two types of cells were evaluated by the paired-ttest.
RESULTS
STANDARDIZATION OF THE CUL'IIJRE CONDITIONS
In tissue culture c-AMP response to catecholamines is thought to be influenced by the degreee of cell to cell contact (16) . As shown in Fig. 1 we found an inverse relationship between the cell density and the c-AEIP response to isoproterenol, which appears to be more pronounced in CF cells then in normal cells. In order to keep the variation of the cell density as small as possible we deprived the cultures of serum which is reported to result in growth arrest and synchronization of the cells in the early G phase of the cell cycle (27) . The effect of withdrawal of sen?m on the growth of normal and CF fibroblasts is shown in Fig. 2 . In serum-free medium the cells cease to grow but remain healthy and viable for more than a week. In both phenotypes studied, incor- Again no statistically significant difference was found between the two types of strains (p> 0.2).
STIMULATED CYCLIC AMP VALUES KINETICS OF THE C-AMP RESPONSE TO STIMULATION
The c-AMP synthesis in response to increasing concentrations of iso roterenol is shown in Fig. 3 A. Stimulation was maximal with M isoproterenol. Although the shape of the dose-response curve was similar for normal and CF cells, the magnitude of response was less in the normal strain.
With increasing periods of incubation with isoproterenol c-AMP concentrations reached a plateau within 5 min in both normal and CF fibroblasts (Fig. 3B) . In the presence of theophylline these levels are well maintained throughout the period of observation. The c-AMP synthesis in response to PGE stimulation was similar in shape but up to 10 times higher tha4 that seen with isoproterenol stimulation, reaching a maximal level at 10-bM PGEl after a 10 min incubation. Thus, for all subsequent experiments an incubation period of 10 min duration was chosen. In the incubation medium of both types of strains the amount of c-AMP was less than 10 % after isoproterenol and less than 5 % of total c-AMP after PGE stimulation. Thus, at the indicated time the extracellular com$artment did not contribute significantly to the entire response of the cells.
c-AMP ACCUMULATION IN RESPONSE TO ISOPROTERENOL AND TO PROSTA-GLANDIN El
A marked difference between the paired normal and CF strains became apparent in their ability to augment the intracellular level of c-AMP in response to isoproterenol stimulation (table 2) . Except for one fibroblast strain (18 out of 20 pairs), CF fibroblasts generated larger amounts of c-AMP per mg of protein than the corresponding normal strain (p < 0.001). Calculating the data in terms of stimulation ratio (ratio of total c-AMP accumulated to basal c-AMP) instead of absolute values did not alter this result. In order to check the reproducibility of the results some pairs of normal and CF fibroblasts were compared in two or three different experiments. As is shown in Fig. 4 the percentage difference between a given pair of normal/CF was quite reproducible. In contrast to those obtained with isoproterenol the paired differences of the PGE stimulated values revealed random distribution with no statistically significant differences (Table 3 , Fig. 4 ).
INFLUENCES OF CONDITIONED MEDIUM ON RESPONSIVENESS TO ISOPROTE-RENOL
Several abnormalities have been found in conditioned media of CF fibroblasts (2, 4) . Therefore, in order to investigate whether an abnormal extracellular "factor" secreted by the cells could account for the observed difference in adrenergic responsiveness, defined variations in culture conditions have been introduced (Fig. 5) . In cultures that were treated as an in earlier experiments c-AMP accumulation was enhanced in CF (condition A). If, bwever, the 4 days conditioned medium was reintroduced instead of fresh medium (condition B) the increased c-AMP response of CFcultures was practically normalized. The same reversal of response to normal could be observed in cultures where isoproterenol was added directly to the conditioned medium omitting the washing procedure altogether (condition C). The reduction of cAMP response in the presence of conditioned medium (condition A/B, A/C) in CF strains was highly significant (p < 0.001) whereas in normal strains a small reduction of the cAMP response was found which reaches statistical significance only in A/C (p< 0.05).
DISCUSSION
Under experimental conditions the measurement of cAMP synthesis provides a reliable and direct measure of 8-adrenergic stimulation. However, in tissue culture the results between different strains can only be meaningfully compared if variables influencing D-adrenergic responses are kept as constant as possible. Studies in the intact human organism and in isolated human organs have established alterations in responsiveness to catecholamines (33) as well as reduced 0-adrenergic receptor concentrations with increasing age (29). Thus, if donor fibroblasts preserve their typical pattern of 8-receptors throughout the period of cultivation, the age of donor fibroblasts could possibly influence adrenergic responsiveness of cultured cells. Cultured fibroblasts appear to be more sensitive to catecholamines with increasing number of passages (14) . Therefore in this study all fibroblast strains were from donors of about the same age and were used within the same passage number. Growth rates of CF fibroblasts have been reported to be different from normals (1) which could lead to differences in cell density and the stage of the cell cycle. Both parameters have been reported to influence hormone stimulated CAMP response of cultured cells. cAMP responses were found to be minimal at the time of mitosis, reaching a maximal value in the early G phase of the cell cycle (25) . Further, there is clear evidence tolsuggest an inverse relationship between the magnitude of the response of fibroblasts to catecholamines and the cell population density (16) . In order to overcome these growth related influences on cAMP metabolism, growth of the cells was arrested in the early G phase of the cell cycle by a shift to serum free medium, priorlto stimulation. This procedure allowed the cells to recover from the trypsin treatment, avoided any possible influence of fetal calf serum and yielded cultures with stable basal cAMP values and, as far as possible with constant and comparable cell number and protein content.
Our results indicate that under standard culture conditions CF fibroblasts generate markedly more cAMP in response to isoproterenol than the control cells. Since all experiments were performed under steady state conditions giving stable, maximal c-AMP responses (Fig. 3) this statistically highly significant difference could not be attributed to possible differences in the time-or dose-response. As evidenced from c-AMP contents in the culture media, a differential c-AMP escape into extracellular compartment can also be dismissed as a possible explanation for the results. Since the results were all ob ained in the presence of
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theophylline at a concentration (5.10-), which has been shown to suppress the activity of nucleotide-phosphodiesterase (3), a differential degradation of c-AMP can be ruled out. The increased c-AMP response to adrenergic stimulation being measured in CF cells might reflect either modification in the number (or accessibility) of 0-recepLor sites coupled to adenylate cyclase or modification in the catalytic activity of the enzyme. Therefore c-AMP was measured under basal conditions and after stimulation with PG E , which is assumed to activate the same adenylate cyclase by binding to a separate and distinct receptor (26) . Since no significant differences were found under these conditions it is suggested that the observed differences were generated at the level of 0-receptor or at the level of the 0-receptor-adenylate cyclase coupling mechanism. Enhanced c-AMP response to isoproterenol in CF fibroblasts could only be observed if the cultures had been extensively washed prior to-stimulation. The increased respone reverted to normal in the presence of conditioned medium (CM) either by returning the CM or by omitting the washing procedure. Therefore these results raise the possibility that CM of CF fibroblasts may contain a substance in excess of normals which masks an altered responsiveness to isoproterenol in the manner of an antagonist.
In this respect it may be interesting to note than human Eibroblasts have the ability For a self-regulation o f catecholamine responsiveness. Repeated stimulation of fibroblasts with D-adrenergic agonstis leads to a rapid decrease in the cellular response to the drug with a slow recovery within 24 hrs (12), probably reflecting a loss of 8-receptors (24 ) . In contrast 0-adrenergic antagonists themselves do not cause desensitization but removal from contact with the cells may produce a hypersensitivity state (13, 17) . Another system of self-regulation was described in rat adipocytes where the formation and release of a soluble antagonist was postulated to account for hormone unresponsiveness following repeated exposure to epinephrine (15) . In this system sensitivity to the hormone could be restored immediately by washing the cells with new medium. The existence of a similar mechanism in fibroblasts would offer an intriguing explanation for our results and for some of the conflicting results reported in respect of c-AMP metabolism in cultured CF-fibroblasts. Further experiments are being initiated to characterize more precisely the mechanism and the susceptibility to adrenergic desensitization and resensitization of CF strains.
In conclusion we speculate that CF-fibroblasts delete or secrete into the medium a substance which can be washed out of the cultures and promotes a hypersensitization of CF cells to 0-adrenergic stimulation. 
B)
Other cultures were treated identically with the one exception that their own conditioned medium instead of fresh medium was added together with isoproterenol. 
